A general theory for the flow and the generation of potential environmental impact through a chemical process has been developed. The theory defines six potential environmental impact indexes that characterize the generation of potential impact within a process, and the output of potential impact from a process. The indexes are used to quantify pollution reduction and to develop pollution reducing changes to process flow sheets using process simulators. The potential environmental impacts are calculated from stream mass flow rates, stream composition, and a relative potential environmental impact score for each chemical present. The chemical impact scores include a comprehensive set of nine effects ranging from ozone depletion potential to human toxicity and ecotoxicity. The resulting waste reduction methodology or WAR algorithm is illustrated with two case studies using the chemical process simulator Chemcad III (Use does not imply USEPA endorsement or approval of Chemcad III).
Introduction
There is currently a great deal of interest in the development of methods that can be used to prevent or at least minimize the generation of pollution; and there are numerous efforts underway in this area (Lederman & Weaver, 1991; El-Halwagi, El-Halwagi & Manousiouthakis, 1992; Fonyo, Kurum & Rippen, 1994; Mallick, Cabezas, Bare and Sikdar, 1996; Manousiouthakis and Allen, 1995; Rossiter, 1995) . This interest stems from the belief that pollution prevention is likely to lead to the creation of technologies that have a much more benign impact on human health and the environment. Because this technology is inherently less polluting, it is likely to be more robust and economical than simply adding pollution control devices to conventional designs. In chemical manufacturing, these pollution prevention methods take the form of an effort to design process plants that generate as little pollution as possible. Since chemical process simulators are widely used in the design and operation of chemical manufacturing plants, the development of a pollution prevention methodology for chemical process simulators is likely to have a significant impact on the pollution generated by the chemical industry. At the National Risk Management Research Laboratory, research efforts are underway to develop a methodology for commercial chemical process simulators. The research effort is called the waste reduction or WAR algorithm after Hilaly and Sikdar (1994) who performed some of the early work in this area.
This paper presents a generalization of the WAR algorithm, discusses the methodology for evaluating potential environmental impacts, and illustrates the use of the method in the design or modification of chemical processes with two case studies.
Potential environmental impact theory
Potential environmental impact is the unrealized effect or impact that the emission of mass and energy would have on the environment on average. It is, therefore, essentially a probability function for the realization of a potential effect. Thus, the potential environmental impacts of chemical manufacturing processes are generally caused by the energy and material that the process takes from or emits to the environment. Potential environmental impact is a conceptual quantity that can not be directly measured, i.e. there are no potential environmental impact meters. However, one can calculate potential environmental impact from related measurable quantities using functional relations between the two. This situation is common in science and engineering. For example, the energy of a fluid can not be directly measured, but it can be calculated from temperature and pressure by the use of heat capacities and equations of state. Exactly how to perform a calculation for potential environmental impacts will be discussed later in this paper.
Conser6ation equation
Traditionally, chemical process design has been based on the creative application of mass and energy balances along with thermodynamics, chemical reaction engineering, and engineering economics. Our methodology proposes to add a conservation relation over potential environmental impact to the aforementioned two balance equations. The conservation equation for impacts is based on an accounting of the flow of potential environmental impact in and out of the processes. This flow of impact is related to the mass and energy flows but it is not equivalent to them. The impact conservation equation is dI syst dt = I: in − I: out +I gen (1) where I syst is the potential environmental impact content inside a process, I: in is the input rate of impact, I: out is the output rate of impact, and I: gen is the rate at which impact is generated in the system by chemical reactions or other means. Note that processes can also consume potential environmental impact so that I: gen can, in fact, be negative. For steady state processes, the conservation equation reduces to,
which implies that no potential environmental impact accumulates in the system. Also note that Eqs.
(1) and (2) serve as definitions of the function I: gen . The significance of potential environmental impacts can be better understood by considering the following definitions. If one were to dump into the environment all of the mass and energy flows entering a process, the resulting impact on the environment would equal to I in ; if one were to also dump into the environment all of the mass and energy flows exiting a process the resulting impact on the environment would be equal to I out .
However, due to chemical transformations and changes in state conditions (temperature and pressure), I in is never exactly equal to I out , and consequently I gen is never exactly equal to zero for steady state processes.
Chemical processes
Application of either Eq. (1) or Eq. (2) to chemical manufacturing processes requires an expression that relates the conceptual potential environmental impact to measurable quantities. Potential environmental impacts are caused by energy and material inputs and outputs to or from the environment. But, as a first approach, this treatment is restricted to potential impacts due to material flows while neglecting any impacts due to energy. Effects due to energy flows can be incorporated into the analysis by extending the boundary over which the impact balance is done to include the energy generation process. Effects due to resource depletion are also neglected mainly because there is no effective methodology for measuring them. This is consistent with the focus of this work which is the chemical process plant rather than a global life-cycle type of analysis. The expression relating potential chemical environmental impacts to measurables is
where the sum over j is taken over the streams of input i or output i, the sum over k is taken over all chemicals k, I: i is the rate of potential environmental impact either in (i =in) or out of the process (i= out), I: j (i) is the rate of potential environmental impact for stream j which may be an input or an output, M : j (i) is the mass flow rate of stream j which may again be either an input or an output, x kj is the mass fraction of chemical k in stream j, and j is the overall potential environmental impact of chemical j. Note that Eq. (3) is a first order approximation that does not include the synergistic effects that can occur when multiple chemicals are present.
Impact indexes
For steady state processes one can use Eq. (2) to define two categories of indexes for the environmental impact of chemical manufacturing. The first category of indexes measures the generation of potential environmental impact within processes, and the second one measures the potential environmental impact emitted by processes. There are various indexes that can be defined within each category. However, only the six indexes, three from each category, that seem most useful for waste reduction will be treated here.
Following Hilaly and Sikdar (1994) , all non-products are considered to be pollutants and the potential environmental impact of all products is set to zero, i.e. j = 0 for all products j. These assumptions are consistent with the objective of this paper which is to present a methodology for waste reduction, i.e. the primary concern is reducing the impact and the amount of the non-products. The broader implications of Eq. (1), including other impact indexes for which j " 0 for products j and further conjectures on the implications for sustainability, will the subject of future publications.The first index of the first category of indexes (impact generation) is obtained by solving Eq. (2) for I: gen NP and adding the superscript NP for non-products to give,
where I: out NP and I: in NP are the potential environmental impacts due to non-products, i.e. pollutants in the outputs and inputs, respectively. Eq. (3) is used to give explicit expressions for I: out NP and I: in NP where all components, products and non-products, are included in the summation, but where j =0 for all products j which effectively removes all products from the summation. The index, I: gen NP , measures the total rate at which the process generates potential environmental impact due to non-products (NP). I: gen NP has units of potential environmental impact generated per time.
The second index, I. gen NP , of the first category is obtained by dividing Eq. (4) by the rate at which the process generates products to give a specific impact generation,
where the sum over p is taken over all the products p, and P : p is the mass flowrate of product p. I. gen NP measures the potential impact created by all non-products in manufacturing a unit mass of all the products p. The index, I. gen NP , has units of potential environmental impact per mass of products.
The third index of the first category, M . gen NP , is obtained from Eq. (5) by setting the potential environmental impact ( j ) of all products to zero and that of all non-products to one. This has the effect of assigning the same potential environmental impact to all nonproducts. The index, M . gen NP , is a measure of the mass inefficiency of the process, i.e. it gives the ratio of mass converted to an undesirable form to mass converted to a desirable form. The expression for M . gen NP is
where the summation over M : j (out) is taken only over output streams, the summation over M : j (in) is taken only over input streams, and the summation over x kj NP is taken only over all non-products k in stream j. The units of M . gen NP are mass of non-products per mass of products.
The first index of the second category of indexes (impact emission) I: out NP is simply the total rate of potential environmental impact output due to non-products. I: out NP is calculated from Eq. (3) subject to j = 0 for all products j. The index, I: out
NP
, is a measure of the rate at which the process emits potential environmental impact, and it has units of potential environmental impact per time.
The second index of the second category, I. out NP , is obtained by dividing the rate of potential environmental impact output due to non-products by the output rate of products to give,
The index, I. out NP , has units of potential environmental impact per mass of products. This expression gives the pollution index F of Mallick et al. (1996) which measures the potential environmental impact emitted in manufacturing a unit mass of products.
The third index of the second category, M . out NP , is obtained from Eq. (7) by setting the potential environmental impact ( j ) of all products to zero and that of all non-products to one. The resulting expression is,
which is related to the pollution index n of Hilaly and Sikdar (1994) by,
where the summation is taken over all products n. M . out NP measures the amount of non-product or pollutant mass emitted in manufacturing a unit mass of products, and it has units of non-product mass per mass of products. It is also a mass inefficiency measure.
Significance of impact indexes
The first category of indexes, i.e. I: gen NP , I. gen NP , and M . gen NP , characterize some aspects of the generation of potential environmental impact within a manufacturing process. They are most useful in addressing questions related to the internal environmental efficiency of the process plant, i.e. the ability of the plant to produce desired products while creating a minimum of new, undesired potential environmental impact. It is important to note that once new potential environmental impact is created, resources such as potentially costly remediation efforts will likely be required to prevent the potential impact from being realized. , characterize some aspects of the emission of potential environmental impact from a manufacturing process. Their principal use is in addressing questions related to the external environmental efficiency of the process plant, i.e. the ability of the plant to produce desired products while inflicting on the environment a minimum of undesired potential environmental impact. It is again obvious that the smaller the values of I: out NP , I. out NP , and M . out NP , the more environmentally efficient the process, and all other factors such as economics being equal, the more desirable it is. Since I: out NP is a total rate of impact output, it could be useful in deciding whether a given plant is compatible with a particular site. For example, it would be unwise to locate a plant with a high I: out NP in an ecologically sensitive area. I: out NP could also be used in matching the size of a plant to the capacity of the surrounding environment to dissipate environmental impact. I. out NP , and M . out NP are more useful in comparing the potential environmental impact of alternative processes independently of plant size.
Chemical environmental impact
Application of the methodology so far developed requires that the potential environmental impacts of chemicals be estimated. Further, it is required that a relative impact number j be given for each chemical j over a wide range of different chemical environmental impacts. This is, unfortunately, not a trivial matter because chemical impacts are measured on different relative scales that can not be simply added without some form of normalization.
Chemical impact expression
To apply the WAR methodology to chemical processes, the following expression for j has been developed (Mallick et al. 1996) ,
where the sum is taken over categories of potential chemical environmental impacts, e.g. ozone depletion potential, human health, etc. listed below under Section 3.2. h l is a relative weighting factor for impact of type l independent of chemical j, and j,l s is the specific potential environmental impact of chemical j for an impact of type l. h l has units of potential environmental impact per mass.
The relative weighting factor h l allows Eq. (10) to be customized to specific or local conditions. The suggested procedure is to initially set all the h l 's to same value of say one, and to allow users to vary individual h l 's from 0 to 10 according to local needs and policies. Please note that for a relative comparison, the absolute value is not critical. For example, photochemical oxidation potential would be weighted more heavily than other impacts in an area that suffers from smog. There is an effort underway in our research group to develop more sophisticated methods of determining values for the h l 's.
The values for the j,l s were obtained from the relative rankings or scores for chemicals by normalizing according to,
where (Score) i,j is the relative score of chemical i on some arbitrary scale within impact category j, (Score) i j is the arithmetic average of the scores of all chemicals i within impact category j, and | j is the standard deviation of all the chemical scores in impact category j. The normalizing factor (Score) i j +2| j assures that about 75% of the normalized chemical score numbers j,l s will be between 0 and 1 irrespective of the statistical distribution of the initial scores as expected from Chebyshev's theorem (Lapin, 1975) . If the chemical scores happen to follow a normal distribution, then the normalization range extends to : 95% of the scores.
Classification of impacts
The classification of chemical environmental impacts and the values for the (Score) i, j were adopted from the study of Heijungs, Guinée, Huppes, Lankreijer, Udo de Haes and Wegener Sleeswijk (1992) 2 and normalized according to Eq. (11) to obtain the j,l s 's. In the calculation of (Score) i j and | j , the chemical scores for dioxin, chromium VI, and vinyl chloride were excluded. The reason is that the score numbers for these three chemicals were several orders of magnitude higher that those for all other chemicals, and including them in the normalization process would have made the normalization meaningless. Therefore, the normalized j,l s for these three chemicals would appear as outliers which they, in fact, are.
There are nine different impact categories. These can be subdivided into four environmental physical potential effects (acidification, greenhouse enhancement, ozone depletion, and photochemical oxidant formation), three human toxicity effects (air, water, and soil), and two ecotoxicity effects (aquatic and terrestrial).
The normalized chemical scores used in the two case studies presented in the next sections are given in Table  1 below where H 2 is hydrogen, MEK is methyl ethyl ketone, SBA is secondary butyl alcohol, H 2 O is water, N 2 is molecular nitrogen, Ar is argon, CH 4 is methane, and NH 3 is ammonia. These acronyms will be used throughout the rest of the paper.
Case study c 1: MEK production
To illustrate the use of the generalized WAR algorithm, a case study from the production of methyl ethyl ketone (MEK) from secondary butyl alcohol (SBA) is presented. The case study was adopted from the Chemcad III (Chemstations, 1997) chemical process simulator, and all the material and energy balances were performed using Chemcad III. However, any commercial process simulator could have been used. This case study presents a typical chemical engineering process for the production of a commodity chemical that involves several unit processes such as reactors, separators, mixers, dividers, and heat exchangers. It is, therefore, sufficiently complex to illustrate the WAR algorithm but still treatable within the space of this paper. Essentially, the chemical process consists of a SBA dehydrogenation reactor followed by a MEK purification train and associated equipment. Fig. 1 shows the base process flow diagram for the production of MEK from SBA. SBA is fed to a hydrogen scrubber where the feed SBA scrubs residual MEK from the hydrogen stream. The SBA feed is then pumped up to reaction pressure and heated to reaction temperature with a heat exchanger and a heater. The heated SBA is fed to the reactor where the chemical transformation occurs. The reactor output stream is sent to a heat exchanger where it is partially condensed. The mixture of MEK, hydrogen, and unconverted SBA is cooled further and sent to a separator where the hydrogen is flashed off. The hydrogen is then scrubbed and the liquid phase fed to a MEK purification system. The mass flow rates and the state of the various input and output streams as calculated by Chemcad III are listed in Table 2 above.
Base flowsheet

Modified flowsheet
Examination of the base process indicates that waste stream 13 contains large amounts of unreacted SBA and small amounts of MEK. It is, therefore, logical to try to recover the SBA and MEK as the first step in a waste reduction strategy. Consequently, the process flow diagram was modified by the addition of a recycle from stream 13 to the feed, stream 1. Two cases were studied with this modification, recycling 50 and 100% of stream 13. Recycling 100% of stream 13, i.e. closing off stream 18, is appropriate for this illustration. But, it is clearly not practical because stream 18 is the only liquid waste stream in the modified process and the only means of purging the system of liquid impurities. Without this purge, impurities would build up inside the process causing it to eventually cease to function. Fig. 2 below shows the flow diagram for the modified process. The mass flow rates and the state of the various input and output streams for the modified process with 50% recycle are listed in Table 3 The process modification increased the amount of product by : 73% while reducing the amount of waste SBA in stream 18 by : 20%.
It is important to note that an examination of Tables 2-4 will indicate that waste was generally reduced, and that environmental impact was probably also reduced. However, the information so far considered is not sufficient to allow a quantitative comparison of the overall waste and environmental impact reduction associated with each of the three cases studied here. For this 3  19  SBA  3362  0  567  13  71  MEK  0  8  0  0  0  H2O  8  18  0  0  H2  0  0 comparison one must calculate the impact indexes already described.
For the modified process with 100% recycle, the mass flow rates and the state of the various input and output streams are listed in Table 4 below. Note that increasing the recycle increased the amount of product by 269% while simultaneously reducing the amount of waste SBA in stream 13 to zero.
Impact index calculations
Six different impact indexes were calculated for the base case and the two modified processes each. The indexes were obtained using Eqs. (3) - (8) Fig. 3 below. It should be noted that M . gen NP is a negative number since some of the input mass is always converted to product, and the products are not included in the summation of the outputs. The specific indexes, I. gen NP , and M . gen NP were multiplied by a factor of 100 so that they could be shown on the same scale as the rate index.
The second category indexes, i.e. the impact output indexes I: out NP , I. out NP , and M . out NP , are shown in Fig. 4 . The specific index I. out NP was multiplied by a factor of 1000, and the specific index M . out NP was multiplied by a factor of 10 so that they could both be shown on the same scale as I: out
NP
. The largest source of uncertainty in the calculation of the impact indexes is the environmental impact scores. These measurements are probably accurate to no more than one significant figure or an order of magnitude. It is, therefore, prudent to assume that impact index calculations are also accurate to no more than one significant figure. Two significant figures are used in Figs. 3 and 4 in order to help the readers to reproduce the calculations, if necessary.
Discussion of case study c 1
The impact generation indexes of Fig. 3 show that:
(1) the rate of impact generation by non-products decreases by 13% for 50% recycle and by 20% for 100% recycle, (2) the impact generated by non-products kg − 1 of product decreases by 48% for 50% recycle and by 77% for 100% recycle, and (3) the kilograms of nonproducts generated kg − 1 of product remains nearly constant at − 100. The most significant index in this case is the impact generated kg − 1 of product. The decrease of this index reflects the increase in the productivity of the plant, i.e. the increase in product flow rate.
The impact output indexes of Fig. 4 show that: (1) the rate of impact output from non-products decreases by 11% for 50% recycle and by 17% for 100% recycle, (2) the impact output from non-products kg − 1 of product decreases by 48% for 50% recycle and by 78% for 100% recycle, and (3) the output of kilograms of non-product kg − 1 of product decreases by 60% for 50% recycle and by 88% for 100% recycle. It is worth noting that the output of impact and waste decreased as measured by all the indexes. The most significant index in this case is the impact output kg − 1 of product. The decrease in this index is consistent with the decrease in the impact generation per mass of product index discussed in the paragraph above. This decrease is also a reflection of the increased productivity of the plant.
The decreases in the indexes are sufficiently large such that they represent significant reductions in pollution. The consistent decrease in the impact generation per mass of product (48-77%) and the impact output Table 3 MEK production flow summary (kg/hr) input & output: modified process (50% recycle) SBA  3362  2124  168  64  10  980  1  MEK  0  0  6  H2O  8  2  0  29  0  H2  0  0  0 per mass of product (48 -78%), simply means that the modified plant can meet the needs of a much larger market without increasing its generation or its output of potential environmental impact. It also means that a modified plant that is 48 -77% smaller than the base case can meet the needs of the same market that the base plant was designed for.
Case studyc2: ammonia production
To further illustrate the use of the generalized WAR Algorithm, a second case study from the production of ammonia from synthesis gas is presented. The case study was also adopted from the Chemcad III (Chemstations, 1997) chemical process simulator, and all the material and energy balances were performed using Chemcad III. However, any commercial process simulator could again have been used. Just as case study c1, this case study also presents a typical chemical engineering process that involves several unit processes such as reactors, separators, mixers, dividers, and heat exchangers. It is also sufficiently complex to illustrate the WAR algorithm but still treatable within the space of this paper. Fig. 5 shows the base process flow diagram for the process. Essentially, the overall process is based on the reaction of nitrogen and hydrogen to produce ammonia.
Base flowsheet
The mixture of hydrogen and nitrogen is compressed and cooled and feed to a series of three reactors through a flash drum. Several reactors are normally used to maximize the conversion of feed to products which for this process is difficult to do. This flash drum also serves to separate the ammonia product from the unreacted gases which are feedback into the system. The ammonia is recovered as an anhydrous liquid under modest pressure. Themass flow rates and the state of the input and output streams as calculated by Chemcad III are all listed in Table 5 .
Modified flowsheet
Examination of the base process indicates that waste stream 17 contains ammonia and some unreacted feed.
It is, therefore, logical to try to recover the ammonia and the unreacted feed as an obvious first step in a waste reduction strategy. Consequently, the process flow diagram was modified in two ways. First, the purge ratio was reduced five fold from 0.1 to 0.02, i.e. the flow of stream 17 was reduced 5-fold. Second, in addition to reducing the purge, a flash drum was added with stream 17 as the feed to recover some of the ammonia. Fig. 5 shows the configuration of the flow diagram for the reduced purge modified process which is identical to that of the base process. The mass flow rates and the state of the input and output streams for the reduced purge modified process are listed in Table 6 . The process modification increased the amount of product by : 25% while reducing the amount of waste ammonia in stream 17 by : 77%. It is worth noting, however, that there was an small increase in the impurities present in the product stream. This changed from about 2% impurities in the base case to 3% for the reduced purge modified case. Fig. 6 shows the flow diagram for the modified process with reduced purge and addition of a flash drum with stream 17 as the feed. Under this configuration, stream 25 is used to purge impurities from the system. Without this purge, impurities would again build up inside the process, and it would eventually cease to function. Stream 24 which consists of essentially pure ammonia is mixed with stream 19 to form a new product stream, stream 26.
The mass flow rates and the state of the various input and output streams are listed in Table 7 . Note that adding the flash drum in addition to reducing the purge 5-fold increased the amount of product by 26% as compared to the base case. This is very close to the 25% increase in product that was obtained by simply reducing the purge. However, the amount of waste ammonia in stream 25 was reduced by 91%, and the amount of total waste in stream 25 was reduced by 78%, both Table 4 MEK production flow summary (kg/hr) input & output: modified process (100% recycle) cases. In a simple example such as this one, the task is confusing, but for complex chemical processes it can become impossible. For this comparison one must calculate the impact indexes.
Impact index calculations
Again, six different impact indexes were calculated for the base and the two modified processes. The indexes were also obtained using Eqs. (3)- (8), the flow rates from Tables 5-7, Eq. (10), and the normalized chemical impact scores of Table 1 . The relative weighting factors were all set to one for these calculations.
The first category indexes, i.e. the impact generation indexes, I: gen NP , I. gen NP , and M . gen NP , are shown on Fig. 7 . It should be noted that M . gen NP is a negative number since some of the input mass is always converted to product, and the products are not included in the summation of the outputs. The specific index, I. gen NP , was multiplied by a factor of 10 000, and the index, M . gen NP , was multiplied by a factor of 1000 so that they could both be shown on the same scale as the rate index.
The second category indexes, i.e. the impact output indexes, I: out NP , I. out NP , and M . out NP , are shown in Fig. 8 . The specific index I. out NP and the specific index M . out NP were both multiplied by a factor of 10 000 so that they could be shown on the same scale as I: out NP .
compared to the base case. As compared to the reduced purge process, the addition of the flash drum increased the amount of product by a meager 1%, but it reduced the amount of waste ammonia by 61% and total amount of waste by 18%, both in stream 25. Therefore, the principal effect of adding the flash drum was the reduction of waste. An examination of Tables 5 -7 will again show that waste was generally reduced, that the amount of product made was increased, and that environmental impact of the process was probably also reduced. However, one finds that it is not sufficient to allow a quantitative comparison of the overall waste and environmental impact associated with each of the three Table 5 Ammonia production flow summary (kg/hr) input & output: base process (purge ratio = 0.1) (L)   5060  187  N2  33 334  176  428  Ar  603  1120  13  H2  7196  805  112  CH4  700  30 453  3696  NH3  0 Table 6 Ammonia production flow summary (kg/hr) input & output: modified process (purge ratio = 0.02)
c 1 (G)   33 334  1162  217  N2  603  404  Ar  199  16  281  H2  7196  351  446  CH4  805  38 001  856  NH3  0   Table 7 Ammonia production flow summary (kg/hr) input & output: modified process (purge ratio =0.02 & flash drum) The largest source of uncertainty in the calculation of the impact indexes are again the environmental impact scores. These measurements are probably accurate to no more than one significant figure or an order of magnitude, and it is, therefore, prudent to assume that impact index calculations are also accurate to no more than one significant figure. Two significant figures are presented in Figs. 7 and 8 in order to allow readers to reproduce the calculations if necessary.
Discussion of case study c2
The impact generation indexes of Fig. 7 show that: (1) the rate of impact generation by non-products decreases by 77% when the purge ratio is decreased from 0.1 to 0.02 and by 91% when the purge ratio is decreased as above and a flash drum is added to recover waste ammonia; (2) the impact generated by non-products kg − 1 of product decreases by 81% when the purge ratio is reduced from 0.1 to 0.05 and by 93% when the purge ratio is decreased as above and a flash drum is added; and (3) the kilograms of non-products generated kg − 1 of product remained nearly constant at − 1 for all cases. The most significant index in this case is the impact generated kg − 1 of product. The decrease of this index reflects primarily the recovery of the waste product and to a smaller extent the increase in the productivity of the plant, i.e. the increase in product flow rate.
The impact output indexes of Fig. 8 show that: (1) the rate of impact output from non-products decreases by 76% when the purge ratio is decreased from 0.1 to 0.02 and by 91% when the purge ratio is decreased as above and a flash drum is added to recover waste ammonia; (2) the impact output from non-products kg − 1 of product decreases by 81% when the purge ratio is reduced from 0.1 to 0.05 and by 93% when the purge ratio is decreased as above and a flash drum is added; and (3) the output of kilograms of non-product kg − 1 of product decreases by 73% when the purge ratio is reduced from 0.1 to 0.05 and by 76% when the purge ratio is decreased as above and a flash drum is added. It is again worth noting that the output of impact and waste decreased as measured by all the indexes. The most significant index in this case is the impact output kg − 1 of product. The decrease in this index was the same as that for the equivalent generation index. This is a reflection of the change in the index being primarily driven by the recovery of waste product rather than increased productivity. the addition or removal of capital equipment; (2) an increase or decrease in energy consumption; (3) a change in the rate of consumption of feed material; and (4) a change in the rate of product generation. When a process is modified, all of the above are frequently affected. There are well established methods for estimating the economics of chemical processes either manually (Peters & Timmerhous, 1968; Richardson Engineering Services, 1997) or with the aid of a computer (Aspen Technology, 1997; ICARUS Corporation, 1997) .
Modification of a chemical process using the WAR algorithm needs to be done along with an evaluation of the economic consequences of any proposed process modifications, i.e. one needs to simultaneously compare both the potential environmental impact and the cost of alternate process flowsheets. The reason is that the ultimate objective is always that of developing cost effective reductions in pollution. Unfortunately, there are no consensus criteria for cost effective waste reduction. Although one possibility, consistent with traditional process design procedures, is to require that the sum of the capital and operating costs should not increase with proposed process modifications from the base configuration. This can be expressed as,
where C o is the operating cost and C c is the capital cost that can be estimated by one of the aforementioned methods or some another proprietary method. Eq. (12) can then be used jointly with Eqs. (4)-(8) to evaluate alternative process flowsheets.
Computer aided process design
While it is often possible to devise pollution reducing modifications from an inspection of the process flowsheet, there are many situations where a more systematic approach such as computer aided process design and optimization may be required. This is particularly important with very complex processes that are difficult to analyze by inspection. The WAR algorithm can be used in computer aided process design and optimization. This can be done by employing the indexes of Eqs. (4)-(8) as objective functions in a mathematical optimization subject to a cost constraint such as Eq. (12). For example, one could minimize the output of potential environmental impact per mass of product given by Eq. (7) subject to keeping the total cost from increasing. This can be expressed as,
subject to Eq. (12) where M : out is the vector of mass flowrates for all the output streams, x i NP is the vector of mass fractions for non-product component i in all
The decreases in the indexes are again sufficiently large that they represent significant reductions in pollution. The consistent decrease in the impact generation per mass of product and impact output per mass of product (81% to 93%) implies that the modified plant can meet the needs of a moderately larger market with much less impact on the environment. The decrease in the rate of impact generation and impact output (76% to 91%) means that the modified process has an environmental impact that is roughly one tenth that of the base plant. Lastly, the decrease in the output of waste mass per mass of product indicates that the modified plant will lose less valuable material in its operation.
Future work
In addition to the topics already mentioned, there are two other issues that need to be further mentioned in relation to the WAR algorithm: engineering economics and computer aided process design. However, both of these are beyond the scope of this paper which is to present the basic generalized waste reduction or WAR algorithm and to illustrate its use. Engineering economics and computer aided process design are the subject of present and future research, and they are included here only for completeness and to aid interested readers applying the method and furthering the work.
Engineering economics
Whenever a process is modified to reduce waste, there is a consequent change in the economics associated with it. Economic changes are generally due to: (1) output streams, and P : is the vector of mass flowrates for all products. The optimization could involve the variation of operating variables and modification of the flowsheet configuration both. In this way one can systematically reduce the pollution indexes even in very complex processes. There are several robust algorithms such as simulated annealing (Kirkpatrick et al., 1983; van Laarhoven & Aarts, 1987 ) that can be successfully used along with mixed integer programing (Grossmann, 1985 (Grossmann, , 1990 here.
Conclusions
A general theory and a methodology for incorporating pollution reduction into chemical process design has been presented. The work is still at an early stage of development particularly with respect to its application. However, the fundamental bases along which future work will proceed have been established.
When used in conjunction with chemical process simulators, the WAR algorithm offers a powerful methodology for evaluating the potential environmental impact of alternative process flow sheets. Although, the WAR algorithm is intended for use as part of a good faith effort to reduce the environmental foot print of process plants, and it does not obviate the need to make judicious engineering and environmental decisions. For example, there is no completely unambiguous way of setting values for the impact weighting factors or h l 's. The reason is that the h l 's represent the value that society places on particular types of environmental impacts, and this will vary across locations, cultures, and even time. One should point out, however, that engineering design practice has always used human judgement in determining any number of design parameters like safety factors. and, therefore, this dilemma is not new.
Nevertheless, there is a need to further improve the methodology for estimating potential environmental impacts and the weighting factors, there is a need to incorporate economics into the analysis, and there is a need to include computer aided process design and optimization. Future work will address these issues. The case studies, however, do illustrate that even in its present state the methodology is a useful process design tool. Chemical independent relative weighth l ing factor for impact of type l, impact kg 
